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ot ‘\l* performance were also geperated and tested. Regression and modeling results were then used in data
analyses. ‘

" Analyses indicated that (1) changes in the underlying representations for forms with and without
i well-learned names take place; (2) these changes are qualitatively similar for the two kinds of material;
f: and (3) the representation of items without well-leamed names is searched more slowly than the
o representation for named items. Results alsb confirm\the earlier findings of Stemberg and his associates

(see Stemnberg & Knoll, 1985; Stermberg, Knoll, & Turock, 1985; 1986; 1987a; 1987bthat (1) an item

kY in STVM is accessible without search through other items only when onset asynchrony between probe
X and display is small, and (2) as the asynchrony between probe and display is increased, STVM
% undergoes an active transformation from a state that is accessible without search through items to one
i that must be serially searched. /-,
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1. Introduction

This thesis is concerned with the intemal representation of visually displayed information and how it
changes within the first two seconds after presentation. The primary question addressed is the extent to
which the processing of forms with well-leamed names differs from that of forms without well-learned
names.

In the next section a review of the relevant research on short-term visual memory (STVM) is
presented. [t is evident that in much of this research two assumptions were made: (1) for all probe
delays a spatially contiguous subset of one or more of the items in memory can be accessed without
't search through other items (the direct access property), and (2) the memory representation that is
g accessed is analogous to a "fading photograph” and is not actively changed by cougniuve processing.
Results from recent experiments are presented that indicate these assumptions are incorrect by
1 demonstrating that (1) under certain circumstances STVM must be actively searched, and (2) STVM
4 undergoes an active transformation, rather than passively decaying.

In sections 3.1 to 3.4, two limitations in the experimental paradigms used in previous research are
N identified: (1) displayed material was restricted to alphanumeric items with well-learned names, and (2) a
Y naming response was required. A new paradigm is then described that does not require items in
5 memory to have names or be named as a part of the response. Several advantages of the new procedure
are then discussed. In addition to providing an experimental tool for investigating the differences
between items with and without well-learned names, it is shown that the new procedure: (1) provides a
test of the direct access property: (2) provides a test of whether the processing of items in memory other
than the one marked for recall influences reaction time (RT) in any way; (3) can be used to demonstrate
that the effects observed in earlier work by Stemberg & Knoll (1985) are due to changes in the memory
representation, and not changes in the size of the response set: (4) allows a test of whether changes in
the height of the function relating the number of items in memory to the RT to name a single item is
' related to the generation of an intermal name code; and (5) provides a test of the Posner, Boies,
Eichelman, and Taylor (1967) hypothesis that early representations are visual, while later representations
are analogous to names.
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Aspects of experimental design and procedure are presented in Section 3.5. The experimental
manipulations include both naming and matching tasks and, in the matching tasks, using stimulus items
with and without well-learned names.

Results are discussed in sections 3.6.1 to 3.6.13. A multiple regression model used to statistically
correct for unavoidable non-orthogonalities in the design and for the unwanted effects of factors such as
retinal eccentricity is first described, along with a procedure for converting the output of the regression
into fited RT measures. Four quantitative models of the transformation and retrieval processes
underlying performance are then presented. The first postulates a search through a set of locations,
followed by a search through a set of identities; the second assumes a search through a set of identities,
followed by a search through a set of locations; the third and fourth assume a simultaneous search
through location and identity information. Pattems in fitted RT lead to the rejection of all of these
models.

Fitted RT's are then used to study patterns in the data. It is concluded that a transformation occurs
for items with and without well-leamed names, but that the representation for the latter is searched more
slowly. Results from other analyses suggest that: (1) the direct access property is present for short probe
delays, but disappears for long delays; (2) the effect of processing the content of other filled display
locations is negligible for some conditions: (3) results of Sternberg & Knoll (1985) are not due to
changes in the size of the potential response set: (4) there may be no simple relation between parameters
of the latency function and the availability of names of memory items; (5) the expectation based on the
Posner et al. (1967) hypothesis is not in evidence.
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In Section Four, the thesis concludes with a summary of the principal findings: Section Five presents
. ideas for future research.
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2. Previous Research &
In this section, some of the previous research relevant to the questions addressed by the thesis is 'E
summarized and discussed. For over a century, psychologists have known that when a display bd
containing from 10 to 20 letters or digits is presented to a subject for less than S00 ms they can report a::‘e
only about four items correctly. Sperling (1960) demonstrated that the factor limiting performance in :.::
this "whole-rcport” task is not the apprehension of items in the display, but memory for the items: if 12 :';
display items are grouped into three rows of four, and a tone indicating which row is to be reported W,
comes on after the offset of the display, the average number of items that can be recalled is three. Since 1l
subjects have no knowledge of which row is to be reported before the offset of the display in this tone- ‘
cueing “partial-report” procedure, Sperling inferred the number of items stored in memory is about nine. X :f
He also noted that as the time between display offset and tone increases, the number of items that can |'::Z
be comectly reported decreases until the partial-report provides no advantage over whole-report. He :’&‘:
interpreted these results as indicative of a high-capacity rapidly decaying memory. ‘::i
In another study, Averbach & Coriell (1961) presented subjects with displays of i6 alphabetic ®
characters followed by a visual probe marking one location in the display. The subject’s task was to KX
report the item that had been in the marked location. Short-delay probes resulted in estimates of storage ‘
capacity of about 10 to 12 items; as probe delay increased, estimates of capacity gradually decreased to et
about four items. Like Sperling, Averbach & Coriell interpreted their results as indicative of a rapidly ‘.:0}
decaying memory. } c:‘
Two assumptions were made in interpreting these experiments: (1) for all probe delays a spatially | N
contiguous subset of the items in memory can be accessed directly (without search through other items) s
and (2) the memory representation that is accessed is analogous to a "fading photograph” and is not . ol
actively changed by other processes. Lately these assumptions have come under question. New results t:::‘
have emerged that cannot be parsimoniously explained without postulating the existence of active search 0:.?‘
mechanisms, and a qualitative change in the representation other than "fading”. (See, for example, Wy
Haber, 1983; Mewhort, 1982; Mewhort, Campbell, Marchetti & Campbell, 1981; Coltheart, 1980; -
Mewhort & Campbell, 1978; Turvey, 1978; Dick, 1971; Davidson, Fox & Dick, 1973; Mewhort & ey
Merikle, 1969; Mewhort, 1967.) N
Most research on short-term visual memory (STVM), including that of Sperling, ahd Averbach & ~ :
Coriell, used accuracy as the primary dependent variable and hypotbesized that the only form of (-k 1
transformation of the intemal representation was passive degradation or "decay”. Results from other
research suggest that this assumption may be incorrect. For example, in another type of paradigm using ™
RT as the primary variable, Posner, Boies, Eichelman, and Taylor (1967) found evidence for an active '.:f
transformation rather than merely progressive degradation. Posner et al. presented subjects with two ¢
letters in temporal succession and asked them to respond "same” if the letters had the same name, and '.:*
“different” otherwise. Results indicated the latency to respond "same” to a physically identical pair of Q ,
letters (e.g., AA) is less than that required if the pair of letters are identical in name only (e.g., Aa); this ‘.‘ "
difference decreases with increasing onset asynchrony between the two letters. Posner et al. interpreted o
this finding to mean that when stimuli are physically identical, short intervals between letter onsets allow ‘:.‘

rapid comparison between visual representations; after some delay this visual representation is
transformed into one based on a name code, and these codes are compared. Unfortunately, this )
interpretation was not totally without difficulty: Posner et al. also claimed that other aspects of their data

showed that a visual code could be generated from a name representation.
Stemberg & Knoll (1985) have developed another reaction-time technique for studying the internal o
representation of a display and how information is retrieved from it. Since high accuracy is important in 4"!?
the straightforward interpretation of RT data, subjects are presented with small displays, typically a .c't,i
single row of from two to six digits. Similar to the Averbach & Coriell procedure, at various delays o
relative to the onset of the display a probe that takes the form of a visual marker indicates the location A

of one displayed item. The subject’s task is to name the probed item as rapidly as possible. There are ®
four main advantages of this "Location-Probe” (LP) paradigm over the techniques used by most ;.;"
resecarchers. The first lies in the utility of using reaction time measures in lieu of error frequencies: '.:
unlike procedures in which the primary measure is accuracy and the goal is to determine the presence of :,:o:‘
information in memory, performance in this paradigm is sensitive to the accessibilitv of information that .:«:.
is present — the speed with which such information can be retrieved. The second advantage is that X
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patterns of RT may change systematically —and thus allow study of the underlying processing— while ‘:E:.
accuracy remains the same. The third is that variations in array size permit assessment of the magnitude )
of the array-size effect. This allows more detailed study of that subset of the processes associated with °
searching the memory representation. The fourth is that the procedure allows conditions where the by
display is prolonged to be studied. e
i) ]
Data from the Stermberg & Knoll paradigm reveal several important facts about retrieval of ::‘i‘,
information from ininal and subsequent memory representations. First, the functions relating latency to 4!::-
the number of items in the display are approximalely linear for all probe delays examined from -350 ms b
(i.e., the probe comes on before the display) to delays of over three seconds. Second, the slopes of 2
these "latency functions” are close to zero for megative and small positive delays, and increase u.::
monotonically up to delays of between 0.6 and 1.0 second, after which they remain relanvely constant. 0t
Third, as the slopes of the functions increase, their intercepts decrease. The fact that slope and intercep: e
change in opposite directions with increases in probe delay demonstrates the necessity of studying more NG
than one array size. Data from a single array size (e.g., two) indicates performance improves with .
increasing probe delay; data from array-size six indicates performance declines. Conclusions drawn A
from the study of a single array size may thus be misleading. This relationship is depicted in Figure 1, A
in which slope and one-intercept' are plotted for a subset of the probe delays studied by Stemberg & .:‘:;
Knoll :::a:
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I. A justification for the study of one-intercepts is presented in Section 3.6.5. }'4‘
2. For conditions where probe onset precedes that of the array, it is not clear where to start the clock that measures RT so that A
times for these conditions are comparable to conditions where array onset precedes that of the probe. It is thus not appropnate
to consider intercepts from negative probe delay conditions on the same scale as those from positive delay conditions. The data
point for the intercept at the -50 ms probe delay is thus omitied in this figure. !
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Figure 1. Effect of Probe Delay on Slope and One-Intercept

Stemberg & Knoll interpret changes in slope as follows: The initial flatness of the functions suggests
the existence of a representation from which an item in a particular location can be addressed directly.
without search through other items in the display. The rapid increase in slope indicates the initial
representation is rapidly transformed into one that requires search: even after a short delay, reaction time
increases with the number of items in the displayed array. The initial presence of the direct access
property confirms the assumption of its existence made in the error studies: its disappearance with delay.
however, casts doubt on the validity of the assumption made in these studies that direct access is
possible at all probe delays. The fact that RT is reduced with increasing defay for some array sizes also
provides evidence for a transformed representation, rather than one that simply decays. The fact that the
latency function is linear at all delays suggests that the same process applies to all array sizes in the
range examined. Under these conditions, the traditional view of a memory representation analogous to a
fading photograph is questionable.

Changes in intercept, according to Sternberg & Knoll (1985), may indicate that names of items are
changing in availability. As the transformation progresses, the internal representation of an item changes
in such a way that once it is retrieved its name can be derived from it more rapidly. The time to
determine the name of an item from its representation thus depends on te state of the representation. If
it is only partially transformed, or if its probability of having been transformed is low, more processing
1s required to genmerate a name before a vocalization can occur: the mean processing time requred
decreases with increasing amounts of (or probability of) transformation. The ume required to generate a
name for an item is thus a function of probe delay.
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The Sternberg & Knoll results and interpretations are strengthened by data they have collected in
two similar paradigms they have named “Identity-Probe” (Sternberg, Knoll, & Leuin, 1975). and
"Probed-Reciting” (Sternberg & Knoll, 1985). In the first, the probe is the spoken name of one of the
items in the array. The subject’s task is to name the item in the array to the right of the probe. In the
second, the probe is one of two tones. The subject responds to one tone by reciting the entire array in a
forward (i.e., left to right) direction, and to the second by reciting the array backwards. Data from both
paradigms lead to similar conclusions regarding the existence and time course of a transformation.
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3. New Research :'.:
. . . . . Y,
3.1 Location-Specific Matching Procedure for Assessing the Representation of &
Arrays in Memory ' .
8%
In the LP paradigm a visual marker —a vertical line above and below a single location in the ot
display— is used to indicate the item to be retrieved from a linear array of items. To provide a tool for 1)
investigating the research questions of the thesis, a new paradigm for assessing the internal memory .::
representations of arrays, called Location-Specific Matching (LSM), was developed. In the new ]
paradigm, the visual marker of the LP paradigm is replaced by a comparison item above a display
location. Instead of naming the item in the location, the subject’s task is to say "yes" if the item in the '
indicated location is identical to the probe, and "no" otherwise. t".j
3.2 Benefits of the LSM Procedure 4
f
There are three principal advantages of the new procedure. First, it allows detailed study of the '_,
nature of any transformation that occurs when the items in memory have well-leamed names but need
not be overtly named to perform the task. Second, it provides a tool to study any transformation that KB
occurs for nameless memory items. Third, given the existence of a transformation for the two types of |::
items, similarities and differences between the transformation processes for each type of item can be 4
assessed within the same experimental procedure. |'.:
3.3 Primary Research Focus: Dependence of the Transformation Process on the DA
Need to Name Items in Visual Memory )
Two significant limitations of previous work are that in most studies (1) displayed material was .&
restricted to alphanumeric items with well-leamed names, and (2) a naming response was always ' 0|:
required.’ The transformation may depend qualitatively and/or quantitatively on items having readily :c
available names and on these names having to be produced to perform the task. For example, the end N
result of the transformation of an array when the ultimate response is overt naming might consist of a )
sequenke of coverdy produced names. Two itapurnant questicns arise: Fisst, if stimuli bave well-leamed !
names but the experimemntal task calls for a response that doesn’t require items to be named, does the g
same transformation take place? Second, is there evidence for a transformation when stimuli consist of &
nameless* items? If so, in what ways is this transformation similar to the one for nameable items, and 3
in what ways is it different? The answers to these questions are important in understanding mechanisms '
of visual processing. )
3.4 Secondary Focus: Tests of Inferences and Assumptions Made in Previous v
Work :::
The LSM paradigm also provides a way to test several inferences and assumptions made in previous A
research on STVM. ‘h:
3.4.1 Direct Access by Spatial Location )
Whether access is direct is a fundamental characteristic of any memory. As discussed, in the context \,
of STVM the presence of direct access means that no search or time consuming process involving other 4
display locations or their contents is needed to gain access to information in a suitably specified display h
location. Direct access is violated when, with non-zero probability, other filled locations are processed M
before the specified location. The extent of directness is a key issue in understanding the basic N
mechanisms of visual processing. Further, much of the work reported in the STVM literature assumes 5
the direct access property is present at all probe delays. Data from the LP paradigm bring this by
assumption into serious question. Kl
" !
Y
3. One of the few exceptions is research by Phillips (1974) and Phillips & Baddeley (197!) who studied how <inele-item rrrays of ;‘
aut-matrix figures change over time. "
4. In the context of this thesis, “nameless’ means only that elements do not have well-leammed associations with names. as do :v
alphanumeric characters. 3
{]
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In the I.SM procedure flat latency functions would indicate the direct access property, as in the LP
paradigm.’ The procedure thus provides a way of testing for direct access and an opportunity to extend
the finding from the LP paradigm that direct access by spatial position is present only for the initial
representation of a visual amray. If this conclusion is correct, functions should be flat for short probe
delays only: longer delays should result in steeper functions.

3.4.2 Selective Access

Another defining characteristic of a memory is whether or not it can be selecnively accessed. For
STVM, "selective access” describes situations in which direct access may or may not be preseat. but the
contents of display locations (i.e., the identities of items) other than the one probed are not processed in
any way. Selective access is violated when, with non-zero probability, the contents of locations other
than the one probed influence processing of the probed item. Experiments to investigate selectivity
typically present a display containing a target item among either (1) no distractor characters, (2)
distractors with the same name and form as the target (e.g., T and T), or (3) distractors diffening from
the target in name and/or form (e.g., T and t, or T and F). The typical result relative to the control (1)
condition is a facilitation in RT for condition (2), and interference in condition (3). Using different
variations on this general technique researchers have found effects of the number of non-target items in
the display (Enksen & Spencer, 1969); contrast and size differences between distractor and target items
(Eriksen & Shultz, 1979); and the distance of distractor items from the target (O'Hara, 1977; Gati &
Egeth, 1978). Erksen & Eriksen (1974) concluded the minimum size of the processing field is about
one degree of visual angle. Thus, the current body of literature suggests that selectivity in display
processing tasks is limited.

In the LSM procedure, the target item can be present in the displayed array in a location other than
the one probed. These out-of-location targets provide a test for selectivity of access. If a representation
is selectively accessed, then the content of locations other than the one probed should not be processed.
Hence, out-of-location targets should neither facilitate or inhibit a "no" respomse. Coanversely, if
selectivity fails, differences should be observed between trials where the target item is oot present in the
display, and trials where it is present, but not in the probed location.®

3.<.3 Effects of Response Ensemble

One possible explanation of the observed patterns in slope and intercept in the Location-Probe
paradigm is that for short probe delays subjects do not have time to prepare selectively for the set of
possible responses while, with longer delays, they have time to activate some responses (since they
know the probed item will have to be among those in the display), and discard others. Thus. as probe
delay increases, responses for arrays with few items will be facilitated to a greater degree than responses
for larger arrays. The LSM procedure provides a test of this "response ensemble” interpretation of the
effect of amay size: if the effects observed in the LP studies were due to response ensemble, these
effects should not be manifested in the new procedure since the possible responses (“yes", "no") are the
same regardless of array size, and are known before the array is displayed.

3.4.4 Changes in Intercept and the Availability of Names

Another important question concems the conjecture that changes in intercept in the Location-Probe
paradigm are a consequence of changes in the underlying representation such that names can be denved
faster from later representations. Since the LSM procedure does not require a naming response, it is
possible that no covert naming will take place. The observation of little or no intercept change when the
LSM procedure is used with either named or nameless stimulus items would thus suppornt the conjecture
that decreases in intercept indicate a representation from which names are more readily generated.

S. This measure of direct access relies on the implicit assumption that either empty display locations are not processed, or thewr
processing adds fess to RT than processing of filled locations when direct access is violated.

6. Ths arg that f adj locations have content (rather than being empty), this will increase RT. given the failure
of selective access.
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3.4.5 Feature vs Name Matching Hypothesis &3

Posner et al. (1967) conclude that the decreasing RT difference between mean match RTs observed

with increasing onset asynchrony between pairs of physically identical versus nominally identical but )
physically different letters is due to the fact that a small onset asynchrony leads to comparison between e
. . . . . . Q)
visual representations while a long asynchrony forces visual representations to be transformed into name |'
codes, which are then compared. On trials with array size equal to one, the LSM paradigm is similar to it
that used by Posner et al. (1967). Consequently, the LSM procedure allows a test of the Posner et al. ath,
conclusion. Since items do not require naming, comparisons may be made between stimuli with and c_:',

without well-leammed names. If the Posner et al. interpretation is correct, it is possible that RT for
stimuli with well-leamed names will increase with increases in probe delay, while RT for nameless
stimuli will remain the same. B
3.5 Method and Design E
3.5.1 Subjects )

Six women, ages 38 to 50, from the Murray Hill, New Jersey community were each paid $256 for _.
47 hours of participation over a three month period. All had prior experience with tachistoscopic -
displays. l.:
3.5.2 Apparatus .:',;

A real-time computer outfitted with auxiliary hardware controlled all aspects of the experimental
procedure, including the presentation of displays and the collection of vocal response latencies. 3
Displayed items, drawn using a Megatek vector display generator, were light on a dark background and -
presented on a Hewlett-Packard Model 1311A cathode ray tube (CRT) oscilloscope equipped with >
Hewlett-Packard P4 rapid decay phosphor. Displays were refreshed once every three ms. The ¥
Luminous Directional Energy (LDE) per item (see Sperling, 1971) was 0.38 ffL. Measurement of the d:
dark (background) area of the display scope indicated a luminance of 0.01 ftl. L

3.5.3 Organization of Experimental Conditions

Table 1 summarizes the organization of the experimental conditions. Left-to-nght ordering of
paradigms and delays coincides with the temporal order in which subjects were tested.
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Paradigm: LP - Location Probe  MD - Match Digits MN - Match Nameless »
Probe Delays: -50, 350, 650, 950, 1650 ‘.:'
’
Cycle 1, 3,5 ;‘,s
Paradigm and Probe Delay ;:;
1 LP(-50,950) MD(650,950,350,1650,-50)  MN(950,650,1650,350.-50) Y
2 MIX950.-50,350,650.1650)  LP(-50,950) MN(-50,950,650,350,1650) :::
3 MN(-50,1650,350,950,650)  LP(950,-50) MD(1650,-50.950,350,650) (N
4 LP(-50,950) MN(350,-50,650,1650,950)  MIX(-50,350,1650,650,950) .
5 MN(650,350,950,-50,1650) MD(350.650,-50,950,1650)  LP(950,-50) ..c:
6 MD(950,1650,650,-50,350) MN(1650,950,-50,650,350)  LP(-50.950) .0:‘_
Y
%
N
Cycle 2,4, 6 .‘
Paradigm and Probe Delay 7
1 MN(-50,350,1650,650,950) MDx(-50,1650,350,950,650)  LP(950,-50) 3
2 MN(1650,350,650,950,-50)  LP(950,-50) MD(1650,650,350,-50,950) ;c‘
3 MI{(650.350,950,-50,1650)  LP(-50,950) MN(650,950,350,1650,-50) ¥
4 MD(950,650,1650,350,-50) MN(950,1650,650,-50,350)  LP(950,-50) Y
5 LP(-50,950) MD(1650,950,-50,650,350) MN(1650,-50,950.350,650) L
6 LP(950,-50) MN(350,650,-50,950,1650) MD(350,-50,650,1650,950) ‘ ;,‘ ]
l-,
Table 1. Ordering of Conditions and Probe Delays Q
Subjects were tested in three paradigms, Location Probe (LP), Location-Specific Matching with digit 5
stimuli (Matching Digits or "MD"), and Location-Specific Matching with nameless shapes (Matching :
Nameless or "MN"). Each repetition of a group of three paradigms (LP, MD, MN) constituted a cycle: :;".
there were six cycles in the experiment. To balance over linear trends, ordering of paradigm and probe :::
delay within a cycle was designated by rows of a Latin Square. a:,
For the LP task, subjects were tested at two probe delays, -50 and 950. These delays were chosen »
so that comparisons could be made between data obtained in this experiment and data from earlier work =
(e.g.. Stemberg, Knoll, & Turock, 1985). To allow direct comparisons between the MD and MN <3
paradigms, the same five delays were studied for each, -50, 350, 650, 950, and 165C. Across subjects, 'j,
ordering of probe delays within each of the MD and MN paradigms was also designated by a complete Nt
Latin Square. Subjects were tested at two probe delays per day. X )
3.5.4 Stimulus Materials %
Several aspects of the stimulus matenals were identical for the three paradigms. The number of ¢
items in the array (“array size") was balanced over tnials, as was the position of the probe relative to the .:-( t
first item in the array ("relative position”), and the absolte position of the probe within the display .
region (“absolute position”). The display region contained a row of equally-spaced locatons large o
enough to accommodate the largest array size used for a given task. Displayed arrays occupied
contiguous subsets of these locations. Each array item subtended 0.5 degrees of visual angle vertically, T
and 0.4 degrees horizontally. Center to center distance between items was 0.8 degrees. o ,‘?
Aspects not common to all three paradigms included the type of stimulus, maximum array size. and (:,_<
type of response. In the LP and MD paradigms, the digits 0 through 9 compnised the stimuli: array size -
was varied from one to five elements. Figure 2 depicts the stimulus forms used in the MN paradigm.’ :-
/
7. Note that some of these forms are transformationally related. These relations were introduced so as to make it even less hikely : Az
that subjects would associate names with any of the forms. %
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Figure 2. Nameless Forms used in MN Paradigm

To keep error rates low, and because inclusion of a very difficult condition might influence a subject’s
strategy in performing the task in other conditions, only amray-sizes one through four were used in the
MN paradigm.

For both matching paradigms, responses were balanced 50% "yes", 50% "no" within each array size.
For array-sizes greater than one, there were two kinds of "no" trals. On half of these trials, the target
item was present in a location adjacent to the one specified by the probe ("no/in" trials). (Whether the
target was to the left or right of the probed item was decided randomly unless the leftmost or rightmost
element of the array was to be probed.) On the other half, the target item did not appear in the array
("no/out” trials).

3.5.5 Procedure

At the beginning of each session, subjects were informed of the paradigm and probe delay they were
to be tested in. and reminded to respond as rapidly as possible, consistent with making no more than one
or two errors per block.

A brief (120 ms) pink noise burst signaled the onset of each trial and was followed 380 ms later by
two vertical fixation lines, one above and one below the center of the display. Subjects were then given
1300 ms to focus their attention, fixate, and accommodate. For the -50 ms probe delay condition, the
probe was presented. and followed by the array 50 ms afier its onset. Asray and probe durations were
200 and 150 ms, respectively. For positive probe delays, the aray was followed by the prooe either
350, 650, 950, or 1650 ms after its onset. Coinciding with the presentation of the array a pair of dots,
one 0.3 degrees of visual angle above and one 0.3 degrees below each displayed item, were presented to
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) remind subjects which locations were filled. These dots remained in view until the subject responded.
by For the LP paradigm, the probe consisted of a pair of collinear vertical lines, each subtending 0.5
degrees of visual angle. The end of each line nearest the display region was positioned 0.3 degrees
above (below) one of the display ¢lements. For the MD and MN paradigms, the probe coasisted of an

,;;n‘ item, positioned such that the bottom of the item was 0.3 degrees of visual angle above the top of the

.:Q displayed character. Subjects’ vocal response triggered a speech detector interfaced to the computer.

N Latency was measured from the onset of the array or probe, whichever came last. After each trial,

t;;i subjects rated their confidence in their response on a four point scale:

. Rating | Meaning

2;:» 1 Certainly incorrect

a..: 2 Probably incorrect; guessing

‘,g'o 3 Probably correct, but not certain

;:‘t 4 Certainly correct

- Table 2. Four Point Confidence Rating Scale

s

’5. Subjects communicated their confidence judgment by operating one of four levers positioned in front of

:.: them. Mapping between confidence judgment and fingers was as follows: confidence levels one through

:a:; four were communicated using the left-middle, left-index, right-index, and right-middle fingers.

)

- 3.6 Results and Discussion

e 3.6.1 Data Selection

}

f‘o In neardy all psychological experiments in which RT is measured. subjects go through an initial

) leaming phase during which they become acclimated to the task. During this time, RT within a

:" condition is often highly variable, and often not representative of practical performance. Since the goal

v of this experiment is to gain understanding about the functioning of the cognitive system under practical

b conditions, in this section trends in RT and error data are examined with the goal of designating some

5 parnt of the initial data collected as practice and eliminating it from consideration in analyses.

[ .

1:;. 3.6.1.1 Trends in RT Data

::: To determine when trends in the mean and varability of RT had stabilized, means and standard

v deviations were calculated for each cycle by the following procedure. First, the experiment was broken

A down by the vanables subject (1-6); cycle (1-6); paradigm (LP, MD, MN); probe delay

';'l (=50, 350, 650, 950, 1650); array size (1-5); absolute position (1-5); and serial position (1-5). Second.

:z trials on which the subject made an incomect response were dropped. Third, a mean and variance was

) calculated for the replicates within each cell, where a cell is defined by the factonal expansion of the

oo above variables. Fourth, means and variances were averaged over levels of the relative position. then
) absolute position, then length, then probe delay, and finally paradigm. (Note that averaging in

1, successive steps is required —rather than simply pooling over all factors at once— because data were

:‘g not collected for all cells in the factorial expansion.) Fifth, the square root of the averaged variances '

::: was taken. Figures 3 and 4 are plots of the resulting means and standard deviations. ]
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Figure 3. Mean RT by Subject and Cycle

Each curve in the figure represents one subject. The plots reveal an initial decline in mean (Figure 3)
and variability (Figure 4) during the first two cycles, with greater stability being reached by the third W
cycle. To check this judgement, an analysis of variance (ANOVA) was performed with factors subject
(1-6) and cycle (1-6). Mean latency and standard deviation did reliably differ across cycles, F(5,25) = W
16.5, p < .001, and F(5,25) = 10.5, p < .001, respectively. In a second ANOVA that included only cycles

three through six, neither mean latency or standard deviation differed reliably across cycles, F(3,15) = 2
2.0, p > .16, and F(3,15) = 0.1, p > .95, respectively. ¢
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Figure 4. Standard Deviation of RT by Subject and Cycle

3.6.1.2 Trends in Error Data o

Figure 5 presents error rate plotted as a function of cycle. v
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Figure 5. Percent Error by Subject and Cycle

Overall error rate for the experiment was three percent. Mean error rates (calculated by sequential
averaging in a manner analogous to that used for latency) did reliably differ across cycles one through
six, F(5,25) = 5.52, p > .002, but not across cycles three through six. F(3,15) = 2.86, p > .07, although
errors did tend to decrease throughout the experiment.

Taken collectively, the observed trends in RT and error rates indicate it is reasonable to regard the
data from cycles three through six as stable, and to restrict analyses to these data. Accordingly, data
from cycles one and two were excluded from subsequent analyses.

3.6.1.3 Confidence Judgements

As noted in Section 3.5.5, subjects rated their responses on a four point confidence scale. The
rationale for this was to eliminate trials on which the subject blinked, or coughed. or felt something else
unusual happened that might add noise to the data. Since the goal of this experimemation 1s to
generalize the understanding gained to the accurate functioning of the human cognitive apparatus, trials
on which subjects felt they were likely to have made an ermor should not be included in analyses.

It is possible that selecting trials on this basis might have no effect, rendering the confidence
judgment data useless. To determine if there were reliable interactions between confidence level and the
experimental conditions of interest, an ANOVA was antempted with factors subject (1-6), confidence rating
(1-4), delay (-50, 350, 650, 950. 1650), paradigm (LP, MD, MN), and. where appropriate, response
condition (yes, nofin, nofout). However, there were so few trials on which subjects reported a
confidence rating of less than three that not enough cells of the experimental design were ftilled to permat
such an analysis. Table 3 demonstrates this fact. In the table, the number of correct response tnais are
given by subject and confidence level.
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Confidence Subject
Rating
jh cc ip b ht mm  X(%)
K} | 0 2 3 0 3 2 .03
s 2 2 87 33 1 1 27 .56
N 3 31l 263 300 60 42 n 5.0
o 4 4271 4069 4182 4483 4483 4101 944

Table 3. Number of Correct-response Trials by Subject and Confidence Rating

;\'3‘ To determine if the elimination of low-confidence trials might have any effect, an independent-sample ¢-
test was performed comparing the RTs from trials with a confidence rating of one or two with RTs from
o trials with a confidence rating of three or four. Mean RT for the former case was 1269.8; for the latter

R it was 597.1. The results of this test indicated a reliable difference between rating categories, #27095) =
' 45.2, p < .001. Because the two categories were associated with significant differences in RT. and
‘53. because of the belief that trials with a rating one or two reflect situations in which processing did not

proceed normally, the relatively few trials with a confidence rating of one or two were excluded from
subsequemt analyses.

W 3.6.2 Regression Analysis
- Stemberg, Knoll, & Turock (1986, Section 6) discuss some of the difficulties in designing an
;;: experiment to assess the effect of amray size at different probe delays. One such difficulty is that
’: secondary experimental factors that are known to have effects on RT may also vary from trial to trial
R (e.g., see Turock, 1985; Stemberg & Knoll, 1985; Stemberg, Knoll, & Turock, 1985; 1986; 1987a;
iy 1987b). Examples of such factors are the relative and absolute position of the probed element, as well
e as its identity. Ideally all secondary factors should be independent of array size and probe delay, either
. by being held constant while these primary factors are varied, or by being varied orthogonally with the
:a: primary factors. With respect to array size there are inherent difficulties in satisfying such requirements.
_.:a, For example, any pairwise combination of values of relative, absolute, or array position determine the
: value of the third. Consequently, regardless of the size of the experiment, relative, absolute, and array
e position cannot simultaneously be made orthogonal with array size. Further, any experiment in which the

identity of the probed item is made orthogonal with all other factors becomes impractically large. It
follows, then, that a "pure” measure of the array-size effect cannot be extracted simply by employing the

jl:o usual practice with unbalanced designs of assuming no interaction of this effect with levels of secondary
:.: factors, and averaging over them. Instead, in this and previous work a choice was made to design
f,‘_"c experiments so as to pemit the desired "pure” measure to be extracted from a muitiple linear regression
!:': analysis, in which the position effects are estimated separately. Descriptions of the regression models
- used to estimate effects for the three paradigms of the present experiment are now presented.
:{. 3.6.2.1 Regression Model for Location Probe Paradigm
',::' The regression model for the LP paradigm can be stated as follows. Let o, represent the effect of
1‘:. array size for size s; P, represent the relative position effect for size s and relative position r; Y,
;:0, represent the effect of absolute position for exterior elements (i.e.. those at the ends of an array): A,
3 represent the effect of absolute position for interior elements (i.e., those with peighboring elements on

O both sides); and 8, represent the effect of the identity of the probed item. Since array size varies from
’i.( one to five there are five a's (one for each size), 14 B's (one for size one, two for size two, etc.), five
ﬂ:. ¥'s (one for each end display location possible), three A's (one for each inside display location possible),
::9: and ten 8's (one for each of the items, in this case the digits 0 through 9).® The model is
2

8. In the regression analyses, s = | clements were treated as having extenor absolute position status. It is possible that in the case

L of s = |, the probed element 1s neither interior or exterior (since 1t has neighbors on neither side), and should be conswdered
‘:o’ separately. Because of the enormous complexity in setting up the data structures and performuing the regressions, however, only
"M the exterior model was attempted.
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Al
Tiraop=R+a, +B, +v. +2, + 3 ;:
]
To permit a unique solution, the following constraints are imposed: o
5 )
Za’ = 0 .I
n;l ‘ ‘:
B, =0, s=12345 O
7! 3
Tr. =0 o
i-}l \
A =0 y
ol-ol oot
= v
PESP =0 -‘::;
X
4
To achieve these constraints, one of the a’s, four of the B's, one of the Y's, one of the A's, and one of -

the &'s are expressed in terms of other coefficients, i.e.,

4 .:e
@ =-Xo, 3
= i ‘
- 0
B” = —ZB"’ s = 273'415 :’:
i-l .‘l
Ys = —sz '-
¢’l () .‘i
Ay=-FA )
on '::
6!0 = —28’ :'.
p=l ) )
A portion of the regression design matrix for this model is presented in Appendix 1. Rows of the i;:;
matrix correspond to trial types. Columns of the matrix correspond to the coefficients of the regression .'.‘(
equation. For example, in Appendix | columns one through four represent the a's, five through 14 W
represent the §'s, 15 through 18 represent the y's, and 19 through 20 represent the A's. The ideatity !:.
effect parameters (8’s) are not shown, because doing so would require ten copies of the matrix, one for W
each of the digit identities zero though nine. Had they been included, the complete matrix would have
had an additional nine columns. ‘.
3.6.2.2 Regression Model for Matching Digits Paradigm .j
The regression model for the MD paradigm is identical 1o the one used for the LP paradigm, with g
the exception that the 8's represent the identity of the targer item, not the item below it. Note that it is v
also possible to define another collection of parameters representing the item in the probed array )
location. However, attempting this further classification leads to extremely sparse data per cell; when >
such a regression was attempted, a number of the parameter values were found to be "underdetermined"” 'v
(see Draper & Smith, 1981). Y
\
Because it is possible that the parameters for the three response conditions (yes, no/in, no/out) differ, :
a regression was performed for each condition in the MD paradigm, rather than including another N
parameter that represemts condition. Another altemnative would have been to test the results of the ~
regressions for differences, then combine parameters that did not reliably differ into “supra-conditions". 3
The former method was chosen so that ANOVAs could be performed on the parameters as if they were )
mean RTs. This approach allows more straightforward interpretation of effects in terms of the 3
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experimental conditions of interest.
3.6.2.3 Regression Model for Matching Nameless Shapes Paradigm

The regression model for the MN paradigm is analogous to the one used for the MD paradigm, with
X two exceptions, (1) only array sizes one through four enter into the model, since amray-size five was not
it tested, and (2) there are only eight distinct §'s comesponding to the eight nameless shapes. There are
thus four a's (one for each size), ten B's, four ¥'s, two A’s, and eight &'s
v Linear constraints are again imposed on the model:

4
§ 20., =0
T:tgl J:l
> B, =0, s=1234
¥y ral
H 3
'; ZYa =0
agl
Th, =0
iy o;l
3 6, =0
S p=l

f which are realized as follows:

3
s o = —za’
=
o B =-XB, s=234
Lﬁt r=l
it 3
Ys = -ZYC
a=l
W 2=
) &=-23
;,;j p=l
Kt
e The regression design matrix for this model is presented in Appendix 2.

3.6.2.4 Use of Robust Regression
Stemberg, Turock, & Knoll (1986) compared ordinary least squares regression with the Huber robust

X method on data collected in the LP paradigm, and determined the robust method to be superior in
':,‘ reducing variability in parameter estimates without producing notable distortions in the data relative to
W several criteria of orderliness. Because of the potential for outliers in the latency data, and because of

o the inadequacy of conventional outlier elimination methods, the Huber method was used to analyze the
data from this experiment in addition to the standard least-squares technique. Although ANOVAs did

A indicate reliable differences between sets of parameters obtained through the two methods, visual
oy . . . .
;c:. comparisons between plots of parameters suggested that no substantive conclusions would be changed if
3‘.;: the least squares technique were to have been used. Because of this, and because of the belief (fostered
¥ by the Sternberg, Turock, & Knoll work) that the robust parameters provide befter estimates of the
"9 "true" effects, parameters from the robust technique were used in all subsequent analyses in lieu of those
from least-squares.
R
;;"f 3.6.2.5 Summary of Array Size Parameters
,', To express regression coefficients as fitted mean reaction time measures, the value of the mean term
o (0) from the robust regression was added to the value of each a coefficient. Such estimates are intended
Y to provide the equivalent of mean RT from the corresponding array size under conditions where other
factors are fully orthogonal with array size. Figures 6. 7, and 8 contain plots of mean fitted reaction
A times by probe delay and amray size for the LP, MD, and MN paradigms, respectively. [n the figures,
:,:, curves labeled "N" indicate a naming response, 'Y" indicate a tnial for which "yes” was the appropnate
-‘,", response, "I" indicate a no/in trial, and "O" indicate a nofout trial.
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Figure 8. Mean Fitted RT for the Matching Nameless Shapes Paradigm
3.6.3 Linearity of Latency Functions

For both naming and matching paradigms, armray-size one represents a special case where the
subject’s task differs from that on trials with array-sizes two or greater. For example, in the LP
paradigm, RT in delayed probe conditions is simply the time to begin vocalization of a single displayed
item, since the position of the probed item is known before the probe is presented. Similarly, for the
MD and MN paradigms, in delayed probe conditions RT for array-size one trials is simply the time
required to decide whether the test item is the same as a pre-specified item. Since no search need take
place in any of these cases, it is not appropriate to consider parameter values from amray-size one in the
same context as those greater than one. Consequently, the latency functions studied in this and
subsequent sections include only array-sizes two or greater.

As is evident in the figures, latency functions are approximately linear in each of the three
paradigms. To determine if it was reasonable to summarize the data with the parameters of a linear
function, a quantitative test of linearity was performed as follows. The a parameters for ammay sizes two
through five (LP and MD paradigms) and two through four (MN paradigm) were extracted trom the
output of the robust regression described in the previous section. The mean term (u) from the robust
regression was then added to each coefficient, to convert it into a fitted reaction time measure. Least-
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squares regressions were then performed on these values for each valid combination of subject (1-6),
i paradigm (LP, MD, MN), delay (-50, 350, 650, 950, 1650), and, in the case of the MD and MN
' paradigms, response condition (yes, no/in, no/out). For the LP and MD paradigms, two models were
" examined, vis., linear (U + &, = ¢ + ps), and quadratic (4 + &, = 6 + ps + Os’). Two goodness-of-fit

R measures were computed for each regression, the multiple r-square (Myers, 1979)— a measure of the
N percent of variance accounted for by the model— and the residual standard error (RSE), defined by the
0 formula
"t
o RSS
n-p

:::; where RSS is the sum of squared residuals, n is the number of observations in the regression (one for
;ﬁ:: each o parameter), and p represents the number of fitted parameters. For the MN paradigm. both linear
;;:.' and quadratic models were also computed, however, since only array sizes two through four were tested,
};¢ the residuals for the quadratic model were all zero.
i >
i In examining the results of these regressions, it is evident that the quadratic model did produce lower
o~ values of RSE than the linear model in several cases. The average gain in percent of variance accounted
y.v:, for was minimal, however (4, 4.7, and 4.7 percent, for the LP, MD, and MN conditions, respectively).
::f To facilitate straightforward comparisons between conditions it is desirable to choose a single model.
‘c»‘i The linear model was chosen oa the grounds of parsimony. Since this choice could bias conclusions if
,;;* the value of 6 changed reliably with the experimental conditions of interest, a separate ANOVA was

: performed for each paradigm on the value of 8. Factors in the analyses included subject, delay, and (in
e the case of the MD and MN paradigms) response condition. No reliable (p < .05) effect of delay.
u’:' response condition, or the interaction of the two was evident in any of these analyses. It was thus
:::n concluded that use of the linear model is reasonable way to summarize the data.
W
;-:: Table 4 presents mean slopes and between-subject standard errors of slopes from the linear fits for
vy, each of the conditions of the experiment. In the table, LP represents data from the Location Probe

paradigm, MD represents data from the Matching Digits paradigm, and MN represents data from the

}:‘: Matching Nameless paradigm. Identifiers in parenthesis indicate the response condition within each
:::. paradigm: (y) indicates a parameter for "yes" response trial, (n/i) indicates a parameter for a nofin trial,
XN and (n/o) indicates a parameter for a no/out trial.
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Probe Delay
Paradigm/ -50 350 650 950 1650
Condition
LP Mean 3.1 39.6
SE 1.5 31
MIXy) Mean 13.7 49.3 349 319 26.7
SE 2.0 7.9 45 49 5.0
MD(n) Mean 5.7 29.8 412 46.8 390
SE 30 9.0 6.5 8.6 6.3
MD{(n/o) Mean 6.1 419 336 27.1 240
SE 2.7 5.9 52 2.7 58
MN(y) Mean 28.7 67.2 79.9 99.8 100.3
SE 10.6 2.7 126 19.4 17.1

MN(n/) Mean 31 25.5 44 457 81.0
SE 7.8 10.1 16.5 17.4 9.9

MN(n/o) Mean 43 84.1 1159 96.7 66.7
SE 6.8 299 28.0 245 10.1

Table 4. Mean Slopes and Standard Errors of Slopes by Probe Delay and Condition
3.6.4 Processing Models

To facilitate analysis of the present experiment, models of the cognitive processing mechanisms
underlying performance are now considered. A series of modeis are presented and predictions made by
these models are compared to observed pattemns in the data. It is demonstrated that while some of the
models fit the data better than others, none can adequately account for all the pattems observed.

One reason for attempting to formulate quantitative descriptions of the models is to guide the choice
of a dependent measure that inciudes that part of RT which is due to processes independent of array
size. It is demoanstrated that the appropniate choice for such a measure is an intercept (e.g., zero-
intercept, one-intercept, etc.) of the linear function relating RT to array size. However. since none of
the models fit the data particularly well. the exact intercept to study can not be determined. An upper
and lower bound for the intercept is thus derived; all intercepts within the limits of this bound are then
studied in subsequent analyses. '

3.6.4.1 Notation for Models
Some definitions are required for the discussion of models. Let

s = the oumber of items in the array (array size)
R, = the mean reaction time for array size s
N = the mean duration of all non—search processes in the location probe task
N, = the mean duration of all non—search processes in positive responses
n. = the mean duration of all non—search processes in negative responses
= | — Pr(direct access)

¥ = the mean duration of a matching location comparison

y = the mean duration of a mismatching location companson

IT = the time for a matching identity comparison

K= time for a mismatching identity comparison

1 if a yes wmal
= K otherwise

3.6.4.2 Data Structure for Models
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To facilitate concise expression of models, a data structure for items in memory is now described.
Let e represent a single element in a displayed array. There are thus s elements in an array of size s,
which will be denoted e[1], ¢[2], ..., e{s]. Each element contains two components of information, its
locarion, denoted e (r ].loc for the element in the r™ relative position, and its identity, denoted e (r ].id for
the r™ element. (The identity component may be regarded as equivalent to "name” in the case of the
LP paradigm, and "shape" or "feature collection” in the MD and MN paradigms.) For the LP paradigm,
the probe has one component, denoted p.loc, for location; for the MD and MN paradigms the probe has
two components, p.loc for location and p.id for identity.

3.6.4.3 Initial Assumptions

It is assumed that: (1) The process that depends on amay size is one of serial search without
replacement.” (2) The number of mismatching comparisons is the only process difference between array
sizes. (3) @ may take on a continuum of values from zero to one; that is, the presence of direct access
is probabilistic. To simplify model exposition, however, ® will be restricted to the values zero or one.
(4) The memory representation has the property that when e[r).loc has been accessed, e(r].id is
immediately accessible, and vice-versa. (5) When direct access is present the subject is able to access
the location of the probed item directly by using p.loc as an index into the e[r]'s, i.e., the subject
retrieves ¢ [p.loc ].id.

3.6.4.4 Model for Location Probe Paradigm

The model for the LP paradigm is esseatially that of Sternberg, et al. (1975): when direct access is
present, the subject accesses the location of the probed element (p.loc) directly and without sequential
search. The identity e(p.loc].id is then extracted and the corresponding name verbalized. When direct
access is absent, the subject searches through the e[r] for an e[r}.loc equal to p.loc. Upon finding a
match, e{r].id is extracted, and the appropriate name verbalized.

In the presence of direct access (i.e., @ = 0) the equation describing mean RT is R, = n, where d
indicates that the respoase is the spoken name of a digit. In the absence of direct access. search may
proceed in one of two ways. If it is self-terminating then the number of elements in the set of

mismatches is equiprobable among {0, 1, 2, .., s-1}. The mean number of mismatches is then
(:—21)3/;, or 5;l . The equation describing mean RT is thus R, =, + o ¥ + V%' If search

is exhaustive, the equation becomes R, =N, + ® ¥ + @ y (s—1), since the number of required
mismaltching location comparisons is always s - 1.

In either case, the one-intercept (i.e., the value of the appropriate R, function above when s = 1) is
the correct choice for a measure of the components of RT that are independent of array size.

3.6.4.5 Models for Matching Paradigms

When direct access obtains, the subject accesses the location of the probed element directdly and
without sequential search. The identity is then extracted and compared to p.d. If the two match, the
subject emits a "yes" response; if they do not, a2 "no" response is given.

There are at least four generalizations of the LP model that lead to plausible models of processing in
the matching paradigms when direct access s absent.
3.6.4.5.1 Model 1: Search though Locations

In the first model, a search through locations analogous to the one hypothesized for the LP paradigm
takes place. When p.loc matches e(r ].loc, a comparison between p.id and e[r .id is made. If a match is
detecteq, the subject emits a "yes" response; if not, a "no" response. Under this model, if search is self-

terminating, the equation describing mean RT is R, = n,, + O ¥ % +oP+EM+(1-E) . (To

9. This assumption may be overly simplistic. Other equally plausible models might include both senal and paraliel search
components. The approximate lincanity of latency functions described in Section 3.6.3. however, suggests that the assumption
of a senal model 1s reasonable.
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facilitate more concise presentation of the equations describing the matching models, in this equation,
and those that follow, the m subscripting the 1 should be read as y for positive response trials, and n for
Degative response trials. That is, each printed equation represents rwo actual equations, one for positive
responses, and one for pegative responses.) If search is exhaustive, the equation becomes
R, =n, +0 Wy (s-1)+o¥+§I+(1-5) x. In both cases, the one-intercept is the appropriate choice
for a measure of the componeats of RT that are independent of array size.

3.6.4.5.2 Model 2: Search through Identities

In the second model, a search though ideatities takes place. When p.d matches e[r].id a
comparison between p.loc and e{r].loc is made. If a match is detected, the subject emits a "yes"
respoase; if not, a "no" response. For this model, if the search is self-terminating then for yes and nofin

trials mean RT is described by R, =1, + © [n% +I1+ & ¥ + (1-%) y]. If the search is exhaustive,

the equation for the yes and nofin trials becomes R, =, + @ [r(s~1) + [T+ & ¥ + (1-§) y]. For yes
and nofin conditions, search can be either self-terminating or exhaustive; for no/out trials search must,
by definition, be exhaustive, since the none of the items in the array will have the same identity as the
probe. The equation describing mean RT in this case is R, =n, + ® n 5. Consequently, for yes and
no/in trials for both self-terminating and exhaustive search models the one-intercept is the appropriate
for a measure of the components of RT that are independent of array size. For no/out trials, the zero-
intercept is the appropriate choice for such a measure.

3.6.4.5.3 Model 3: Sequential Search through Identity and Location Information

In the third model, search proceeds by making two comparisons (p.loc with e(r].loc and p.id with
e[r)id) for each item accessed.'® If the search is self-terminating, mean RT is described by

RT, = n, + o [(y+x) % + ¥ + II), for yes trials; RT, =1, + @ [(y+r) % + ¥ + ], for nofin
trials (if a location match accomplishes first); RT, = n, + @ [(y+r) _sz;l + y + [1], for no/in tnals (if
an identity match accomplishes first); and RT, = 1), + @ [(y+x) % + ¥ + &), for no/out tnals. If the

search is exhaustive in any of these cases the _s_2-l component in the equatic' is replaced by (s—-1).

Consequently, the one-intercept is the appropriate choice for a measure of the components of RT that are
independent of array size whether the search is self-terminating or exhaustive.

3.6.4.5.4 Model 4: Simultaneous Search through Identity and Location
Information

In the fourth model, location and identity information is assumed to be conjoined; comparisons are
made between the conjunction of location and identity information from the probe, and analogous
conjunctions for each of the elements in the array. According to this model only one comparison per
array element is necessary. Let I represent the time for a binary match (i.e., a match between the
conjoined location and identity information of the probe and the same information from an element in
the array) and ¢ represent the time for a binary mismatch. If the search is self-terminating, mean RT is

described by RT, =n,, + @ [0 % +E& I+ (1-5) o). If the search is exhaustive the model becomes
RT,=m, +0{o(s-1)+§ L + (1) 6]. Consequently, the one-inteccept is again the appropriate

choice for a measure of the components of RT that are independent of array size whether the search (s
self-terminating or exhaustive.

3.6.4.6 Rejection of Models 1 through 4

Each of the models for the LSM paradigm can be rejected on the basis of pattems observed in the
data. For example, since the search prescribed in Model 1 accesses only p.loc and e [r ].loc until the two
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10. For the sake of simplicity, this model assumes that the two comparisons are accomplished sequentially. and without any
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match, no significant effects of out of location probes should be evident. The presence of significant :':‘i
differences in intercepts (examined in subsequent sections) between nofin and nofout trials in both MD X
and MN paradigms allow this model to be rejected. Further, none of the models predict differences in P
slope between yes, nofin, and no/out conditions. The existence of significant differences between these ]
conditions (discussed in Section 3.6.6) indicates that either (1) there must be more than one array-size :v:‘;
dependent process, most likely a second serial search that occurs with different probability under the :t:a
different conditions: or (2) it must be known in advance of the serial search process that the probe’s 'e:lf
identity appears somewhere in the array. Accordingly, additional models were constructed that :':
incorporated these two possibilities. These modeling efforts became enormously complex, and did not ~
produc= a model capable of explaining observed pattems in the data in all conditions. It appears that to ot
account for all the data would require generating separate models for most of the cells in a paradigm :::‘:
(MD, MN) by condition (yes, no/in, no/out) by delay (-50, 350, 950, 1650) table. Clearly the generality :og‘
(and usefulness) of such a collection of models is questionable. ._:‘6‘
Chid
3.6.5 Choice of an Intercept W
The choice of intercept (i.e., zero-intercept, one-intercept, etc.) to study is not arbitrary: an intercept -.a
is desired that measures the part of response latency that does not include time taken up by processes s:‘
dependent on amray size. To choose an intercept thus requires that assumptions be made about the :':o
underlying processes involved. Models of these processes were presented in the previous section. l:v:<
Unfortunately, since all the models failed in some way, selection of a single intercept to study is not ‘}v
possible. Instead, only a range of intercepts may be specified. The intercept desired is the point where :: :
the RT vs array-size function crosses the origin. To determine this point, the value of s where the slope £
term drops outs of the equation must be determined. If we make the assumptions outlined in Section -
3.64, it is possible to bound the intercept. The lower bound on the intercept must be zero, since the e
greatest number of mismatches possible will be equal to the number of elements in the array, s, and the =)
slope term(s) in the function will cancel out when s = 0. The upper bound on the intercept can be ,,,,
computed by determining the lower bound on mismatches. In a senial search process, on average at least :
half the comparisons must result in a mismatch. Thus, as derived in Section 3.6.4.4 above, the mean i‘i‘
number of mismatches is % and the one-intercept is the appropriate choice. Since the modeling ‘:'
efforts did not lead of a clear choice of intercept, in subsequent sections both zero- and one-intercepts :‘i

S
.

are analyzed. Where interpretations or conclusions are affected by choosing one intercept term over
another, it is so noted. Table 5 presents the mean values of intercepts averaged over subjects and the
associated between-subjects standard errors.
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; Probe Delay (ms)

; -50 350 650 950 1650

‘ Condition

g LP Mean 4556 379.1

‘ (one-int)  SE 16.3 12.0
MD(y) Mean S507.1 4416 4599 460.5 4938
(zero-int) SE 224 432 306 261 30.6

; MD(y) Mean 5208 4909 4949 4924 5205

b (one-int) SE 216 385 268 250 279

) MD(/i) Mean 567.5 5247 4759 4483 4855
(zero-int) SE 256 491 167 121 24.2

! MD(n/i) Mean 5732 5545 517.1 495.1 5245

\ (one-int)  SE 237 416 161 9.5 21.6

Nz

g MD(nfo} Mean 554.1 451.6 4668 4624 4935
(zero-int) SE 162 342 338 235 30.9

i MD(n/o) Mean 5602 4935 5004 4896 5174

: (one-int)  SE 170 296 295 218 279

| MN(y) Mean 560.1 5382 458.1 4153  384.1

o (zero-int) SE 21,7 595 455 35.1 474
MN(y) Mean 5888 6054 5380 SIS.1 4844

; (one-int)  SE 224 479 439 310 37.2

' MN(n/i) Mean 6745 6269 5623 573.3 4686
(zeto-int) SE 292 280 404 352 31.7
MN(n/i) Mean 6776 6524 6067 619.0 549.6
(one-int)  SE 254 206 278 226 30.0

L)

' MN(n/o) Mean 6632 5378 4177 4324 4872

9 (zero-int) SE 432 544 390 566 31.1
MN(n/o) Mean 659.0 621.8 5336 529.1 55338
(one-int) SE 378 334 313 392 29.3

: Table 5. Intercepts and Standard Errors of Intercepts by Probe Delay and Condition
¢ Figures 9, 10, and 11 show intercepts by delay. Table 6 is a key for the three figures.
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‘f »;
Condition  Intercept  Label A
E LP One 1 ¥
MD(y) Zero 2
'i One 3 '
b MD(nA)  Zero 4 :
“ One 5 g
i MD(n/o)  Zero 6 '
. One 7 ,
; MN(y) Zero 8 ‘
N One 9 )
5 MN(n/i) Zero 0 .'
: One a X
o MN(n/o)  Zero b '
- One C 3
-« Table 6. Key for Intercept Plots ‘
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Figure 9. Mean Intercepts by Delay
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Figure 10. Intercepts by Delay for Subjects 1-3

100
—
)

&




h
'.""\’l‘ gll g'l ’. 1‘!'.‘-'\'

40 380 &80 080
Proke Deley

Figure 11. Intercepts by Delay for Subjects 4-6
3.6.6 Evidence for a Transformation ’

The slope of the latency function provides an index of the state of the intemal memory
representation. If slopes are near zero, the representation of displayed material is directly accessible by
spatial position; serial search among array elements is not required. If slopes are markedly greater than
zero,. this suggests a representation that requires serial search to find an item in memory. Significant
changes in slope as a function of probe delay thus indicate that a transformation from one memory state
to another has taken place. To determine whether reliable differences between slopes associated with
different probe delays exist, a one-way ANOVA was performed for each of the seven combinations of
paradigm and response condition, with delay as the independent variable.'' In this analysis and all
subsequent ones, the "subjects” factor was regarded as a random effect; others were regarded as fixed

A

11. This analysis could also performed as a two-way ANOVA for the matching paradigms, with condition (i.e.. yes, no/in,
nofout) as the second factor. However, for the present we wish only to determine f a main effect of delay 1s present. The
interaction of response condition and delay is examined in subsequent sections.
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" effects. Table 7 summarizes the results of these analyses.

. Paradigm/ Mean Square  df F p
o Condition
LP 3988.9 1,5 176.0

g

o MD(y) 1003.8 420 6.9
B MD(n/i) 1571.6 420 9.0
MD(n/o0) 1067.4 420 107

588

?yot MN(y) 5226.3 4,20 5.8
e MN(n/i) 4965.5 4,20 78
) MN(n/0) 12789.0 4,20 5.0 .006

T

Table 7. Results of ANOVA oa Slopes

¢ As is evident in the table, ail analyses revealed a significant main effect of delay, p < .05. It is thus
W reasonable to conclude that a transformation occurred in all of the paradigms and conditioas. '?

2] 3.6.7 Detailed Analysis of the Transformation

n The analyses of the previous section indicate that a reliable change in slope occurs in each condition
X of the experiment. In this section, details of this slope change are examined. Figure 12 presents slopes
bt (averaged over subjects) as a function of delay fu: each of the experimental conditions.

12. It is well to make explicit the underlying rule of inference employed here, namely that within either matching paradigm «f any
K of the three response conditions were to reveal a reliable difference in slope. then one should conclude that some form of
o transformation occurs in that paradigm.
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1=LP; 2=MD(y); 3=MD(n/i); 4=MD(n/0); S=MN(y); 6=MN(n/i); 7aMN(n/0)
Figure 12. Average Slope as a Function of Probe Delay

To determine which of the individual slope differences were reliable, Duncan’s Multiple Range Tests
were performed in conjunction with each of the ANOVAs of the previous section, with the overall
probability of error set at .05. The results of these tests are summarized in Table 8. Rows of the table
represent combinations of paradigm and response condition: columns represent delays. Slopes that are
not significantly different from each other are grouped by the same letter in a row.
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Probe Delay
Condition | -50 350 650 950 1650

LP a b
MD(y) a a
b b
c c c
MD(nvi) a b b b b
MD(n/o)
b b
c c c
MN(y) a a a
b b b b
MN(n/i) a a
b b b
c c c

MN(n/0) a b b b

Table 8. Results from Duncan's Mulitiple Range Tests on Slopes

In the Sternberg et al. experiments slope changes followed a specific pattern: slopes were near zero
for negative and small positive delays, and increased monotonically with increases in delay up to delays
of 1650 ms.'> Consistent with this finding, in the present experiment mean slope for the LP paradigm is
near zero for the -50 delay, and large and positive for the 950 delay. For the MIDXy) condition, mean
slope at the -50 delay is reliably less than the slopes associated with later delays, with the exception of
the 1650 delay. For MD(nA), slopes cluster into two groups, the slope associated with the -50 delay.
and slopes associated with later delays. For the MD(n/o) condition three clusters of slopes by delay are
evident, {-50}, {350, 650}, and {650, 950, 1650}. For the MN(y) condition the slope at the -50 delay
is reliably lower than slopes for the 950 and 1650 delays. Three clusters of slopes are apparent for the
MN(n/i) condition: {-50, 350}, {350, 650, 950}, and {650, 950, 1650}. In the MN(n/o) condition. the
slope at the -50 delay is reliably different from slopes for all other delays.

In all except the yes response conditions, values of slope are near zero for the -50 probe delay and
reliably increase at the 350 delay. For only one condition, MN(n/i), does the slope continue to increase
beyond the 350 delay. For the MD(n/i), MN(y), and MN(n/o) conditions no further changes in slope are
reliable; for the MD(y) and MD(n/o) conditions slopes reliably decrease. This pattern is unexpected,
given eardier pilot work (Turock, 1985) that suggested most of the changes in slope would occur
between probe delays of 350 and 1650 ms. It appears that this conclusion may have been misleading:
another experiment in which at least one delay between -50 and 350 is studied would be helpful.

One reason for the lack of reliable changes in slope beyond the 350 ms probe delay may be the large
between-subject slope differences present in the data. Figures 13 and 14 present plots of delay vs slope
for individual subjects.

13. Actual slope values obtained by Sternberg & Knoll ([985) in the LP paradigm for the -3 und 950 probe delays were 4.6 and
72 ms/item, respectively (compared to the 3.1 and 39.6 msfilem obtained here). Stemnberg, Knoll, & Turock (1985) vbtaned a
vaiue of 1.8 me/item for the -50 probe delay.
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Figure 13. Slope as a Function of Probe Delay for Subjects 1-3
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Figure 14. Slope as a Function of Probe Delay for Subjects 4-6

It is evident from the figures (and from the standard error values in Table 4) that slope patterns are
highly variable across subjects. Unfortunately, it also appears that no collection of data from a subset of
subjects agree well enough to warrant investigation.'* Consequently, while it is reasonable to conclude

{4. Ideaily, it would be desirable to determine whether the uncvenness in the plots for individual subjects is due to large within
subject vanability. Unfortunately. such a measure s not readily computable from the data of the present experiment. Once
each trial is classified by the independent variables in the experiment and error tnals are omitied, there are generally only one or
two observations in a cell. Other ways to approach the vanability problem might be to erther scale data for individual subjects
by a single value such as the median slope computed over subjects, or scale the probe delay axis so as to achieve maximal
similanty between subjects. Neither of these analyses were attempted because while they mught lead to more agreement
between subjects, it is not clear that the scaled result would be readily interpretable 1n terms of the expenimental questions of

nterest.
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that some transformation reliably occurs in all conditions, and that the natre of the transformation in the
I matching paradigms is similar to that observed in the LP paradigm for early delays, the progressive

change in slope previously described by Sternberg et al. appears to be absent from the data of the
2y present experiment.

3.6.8 Comparison of Response Conditions in MD and MN Paradigms

:g‘ A central question addressed by this research concerns how the processing of forms with well-
oy learned names differs from that of forms without well-learned names: any differences between the results
from MD and MN paradigms would indicate differences in processing.

N

" There are at least three candidates for a dependent measure in which to look for differences, the
‘7‘;‘ slope, intercept, and mean. The slope conveys information about the part of RT that is wuray-size
’:‘. dependent, i.e., the rate at which the representation is searched. Differences in slope between MD and
1 MN paradigms would thus indicate that the search rate of the memory representations used in these

paradigms differs, with larger slopes indicating slower search. The intercept measures the component of
RT that is independent of array-size. Differences between the intercepts observed in the MD and MN

‘:: paradigms would indicate that processes other than search, such as encoding the probe and generating
NN the response, differ. The mean is a combination of slope and intercept. There are three difficulties
i:: associated with interpreting the mean, however. First, since the informatiou it contains is a combination
1 of the information in the slope and intercept, it is largely redundant. Second, the mean does not

differentiate between processes that do and do not depend on array size. Consequently, it is less helpful
in the analysis of underlying processing events. Third, in a situation where RT is knowr to vary with

}:o array size, the mean depends on the (arbitrary) choice of array sizes. Since different array sizes were

Q:’ used in the two paradignis, and since we know that larger amay sizes lead to longer reaction times in

::. long probe delay conditions, to correctly compute the mean we must compensate for these differences.

x'.: Both slope and intercept measures compensate implicitly. For these reasons, the slope and intercept

b were chosen as the dependent variables to study: the mean was excluded.

_j;’ Initial ANOVAs were performed on slopes and intercepts to uncover reliable patterns in the data.

& Factors in the ANOVA models are summarized in Table 9. In all analyses, the "subjects” factor was .
X treated as a random effect; others were regarded as fixed effects. :
9 '
* Factor Abbreviation Levels

W Matching paradigm P MD, MN

u: Response condition C yes. no/in, no/out

n Probe delay D -50, 350, 650, 950, 1650 |
.'::‘ Subject S 1,2,3,4,5.6 t
R .
L L

Table 9. Summary of Factors in ANOVA Models

»

‘.".

K

L: . Analyses in which all factors v.. re included indicated that response condition reliably interacts with

:;t delay and paradigm. To study the differences between results from the two paradigms in more detail,
oy three separate ANOVAs were performed, one for each response condition. Factors in each of these

ANOVAs included matching paradigm, probe delay, and subject. Table 10 presents a summary of the

Ry, results of these analyses. Entries in the table include tests of both zero- and one-intercepts.'® \‘
N

) ]
3

3 ;
KX

:',: 15. The impetus for analyzing both intercepts is discussed in Section 3.6.5. g
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Response  Factor  Dependent Mean df F P
Condition Variable Square
yes P Slope 28838.2 LS 153 01
Zero-Int 294 0.0 .99
One-Int 27025.6 9.5 .03
D Slope 4000.5 420 75 .001
Zero-Int 19607.8 6.6 .001
One-Int 7368.9 57 .003
PxD Slope 22296 420 43 .01
Zero-Int 19642.4 4.2 .01
One-Int 9289.3 36 .02
no/in P Slope 834.7 15 0.6 .47
Zero-Int 97792.0 229 .005
One-Int 116696.5 40.7 .001
D Slope 5391.0 420 194 <001
Zero-Int 39285.6 145 <001
One-Int 15789.5 105 <001
PxD Slope 11460 420 22 11
Zero-Int 95109 2.1 12
One-Int 4207.6 20 13
no/out P Slope 30754.6 15 148 .01
Zero-Int 7246.0 0.9 39
One-Int 67857.3 115 .02
D Slope 100549 420 7.7 .001
Zero-Int 53919.8 7.0 .00t -
One-Int 19410.0 6.7 .001
PxD Slope 38016 420 28 .05
Zero-Int 15195.9 23 .09
One-Int 5703.2 2.6 07

Table 10. Summary of ANOVAs Comparing MD and MN Paradigms

3.6.8.1 Slope Differences

Differences in slope revealed by this analysis are interesung because they indicate differences
between the search rates of memory representations of forms with well-leamed names and search rates
of forms without them. The main effect of delay on slope has been considered before. Main effects of
paradigm (P) on slope would indicate that one representation is searched at a slower rate than the other;
paradigm by delay (PxD) interactions would indicate that the time course of the transformation differs
for the two kinds of material. Using a p value of .05 as the criterion for significance, examination of the
results indicate significant effects of both P and PxD on the slopes for yes and no/out tmals. By
combining this result with the information in Figure 9, it is evident that search rates are slower in these
conditions for items without well-leamed names and that the size of this slope difference varies with
delay: For the MD(y) respoase condition, slopes rise between the -50 and 350 probe delays, then plateau
after the 350 ms probe delay: for the MN(y) condition, slopes continue to rise until the 950 ms probe
delay. For the MD(n/o) condition, slopes rise to a plateau at the 650 ms probe delay: for the MN(n/o)
condition slopes rise to a peak at the 650 ms probe delay, then decline between probe delays of 650 and
1650 ms. Taken collectively, these findings indicate a basic difference in the time course of the
transformations that occurs for named and nameless materials. The direction of these effects lead to two
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conjectures, either (1) the transformation for nameless forms takes longer, or (2) since nameless forms
may be difficult to search once transformed, the underlying processing mechanisms maintain a
concurrent representation that is spatially accessible as long as possible. Either of these conjectures
might explain why slopes continue to grow in the yes response condition, and why the peak slope is
shifted 300 ms to the right on the probe delay axis for no/out trials. A follow-up experiment in which
more probe delays are studied (especially delays between -50 and 350 ms) should help to confirm or
disconfirm these conjectures.

It is also interesting to note that neither the P or the PxD interaction is significant for the no/in
condition. Examination of the plots in Figures 13 and 14 suggest one possible reason for this result: it
is clear from the plots that there is minimal agreement between subjects in this condition.

3.6.8.2 Intercept Differences

Differences in intercept revealed by this analysis are important because they indicate differences in
the time of processes not dependent on array size, such as encoding the probe and generating the
response. The effect of probe delay on intercepts is analyzed in Section 3.6.12. Tuming attention to the
P and PxD effects, significant differences for P are noted for yes (one-intercept only), nofin, and no/out
(one-intercept only) conditions. It is evident from Figure 9 that intercepts are greater in the MN
paradigm at all delays, except for the yes response condition at the 1650 ms probe delay. (This reversal
at 1650 ms leads to the PxD interaction in the yes response condition.) These results reveal that the
time for processes independent of array size are reliably longer when materials consist of items without
well-leamed names.

3.6.9 Direct Access

In the context of the present vork, direct access refers to a situation where no search or other time
consuming process involving other display locations is needed to gain access to the probed location.
The indicator of direct access in the present experiment is the slope of the latency function. Flat latency
functions indicate direct access: functions with slope greater than zero indicate its absence.'®

To determine which conditions of the present experiment produced direct access, r-tests were
performed on the slope data from each combwnation of paradigm and response condition within each
delay. Using a significance level of .05, the results of these tests indicated that delays greater than -50
ms resulted in slopes that were reliably greater than zero for all combinations of paradigm, probe delay,
and response condition. Consequently, Table 11 summarizes the /-test results for the -50 delay only.

Mean Slope SD SE t P df

Difference
LP 3.14 3.72 1.52 207 0.09 5
MD(y) 13.71 493 2.01 681 00 5
MD(n/i) 572 7.23 295 194 0.11 5
MD(n/o0) 6.08 6.72 2.75 222 0.08 5
MN(y) 28.67 2595 10.60 271 0.04 5
MN(n/i) 3.06 19.01 7.76 039 071 5
MN(n/o) -4.25 16.54 675 -063 056 5

Table 11. Summary of t-tests for -50 Delay

16. Strictly speaking. direct access is indicated by values of slope that are cxactly cqual to zero. However, this stringent cntenon
ignores the (likely) possibility that small array-size effects might arise for other reasons such as the effect of context on
legibility manifested through lateral interactions.
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An analysis based solely on the significance level of a r-test relies on acceptance of the null
hypothesis to determine the presence of direct access. This acceptance, however, is a necessary but not
sufficient condition for concluding that direct access is present. For example, if three subjects’ slopes
were highly positive and three highly negative, the r-test would indicate 2 mean near zero, and a2 non-
significant value of r. To assert the presence of direct access, examination of individual subjects’ slopes
is necessary. While the statistics in Table 11 suggest that direct access is present except in the yes
response condition, values of subjects’ slopes draw this interpretation into question. Table 12 presents
slopes for the -50 probe delay by subject, paradigm, and response condition.

Subject LP MD(y) MD(n/i)) MD(njo) MN(y) MN(n/ii) MN(n/o)
jh 09 10.0 -6.7 28 21.0 -11.3 -26.8
cc 9.9 9.1 6.2 14.7 80.2 340 -23.3
ip 29 11.5 16.0 1.6 28.7 113 5.7
Ib 35 16.5 6.7 -3.0 12.6 56 0.7
ht -1.1 129 64 11.5 17.0 -0.7 11.9

mm 2.6 22.3 5.7 8.8 12.5 -20.5 6.4

Table 12. Slopes for -50 Delay by Subject

While there appears to be good agreement among subjects’ data from the LP paradigm, it is evident
that there is not as much agreement among subjects’ slopes in the no/in and no/out conditions of the
matching paradigms. Consequently, it appears to be reasonable to conclude only provisionally that
direct access is present at the -50 ms delay for the no/in and no/out matching conditions. Clearly this
conclusion peeds to be confirmed with follow up research.

Data for the MD(y) and MN(y) conditions, with mean slopes 13.7 and 29.7 respectively, indicate
that direct access is not present in these conditions, even at the -50 ms delay. This result is not
explainable by large between-subjects variability: all subjects produced large and positive slope values.
One possible explanation of this result that can be rejected on the basis of pattemns in the data comes
from subjects’ introspections about the “yes" response trials. Some subjects reported using a rechecking
strategy: after apprehending the probe, and concluding by an initial search that its identity matched that
of the array item below it, they initiated a second search to verify that the probed item did not appear in
any other location. Some subjects reported that this second search was through identity information,
others that it was through location information, and others weren't sure. [f subjects did employ such a
strategy, at least two patterns in the data might be expected to emerge. First, the ratio of slopes on trials
where subjects res “yes” to the slopes on trials where subjects responded "no” should be
approximately 2:1.'" Examination of the values of slopes in Table 4 do confirm this expectation for the
-50 ms delay, but not for any other delay in the experiment. Second, subjects’ confidence ratings for
"yes" responses might be expected to be higher (or lower) than for other trials. since their answer was
rechecked. To assess this possibility, four t-tests were performed on the differences in confidence rating
between yes and no respouse conditions in the -50 delay. The four dependent measures were computed
as follows: MD(y) - MDXn/i), MD(y) - MD(n/o), MN(y) - MN(n/i), and MN(y) - MN(n/o). If subjects
were reliably more confident of “yes” responses, the mean differences would be positive; if they were
less confident, differences would be negative. Table 13 presents the results of this analysis.

17. This prediction relies on two assumptions: (1) Rechecking is done on every trial, and (2) the state of the representation 15 the
same for every trial in a given delay.
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MD(y-  MD(y-  MN(y-  MNy»- 2

MD(n) MD(n/o) MN(nji) MN(n/o) 2

Mean  -0.0028 0.0001 0.0172 -0.0282 »
SD 0.0046 00038  0.0259  0.0441 H

SE 00019 00016 00106 00180 W
t -1.46 0.09 1.62 -1.57 i
P 0.20 0.93 0.17 0.18 o
df > 3 5 5 Y
Table 13. Summary of r-tests on Confidence Ratings for -50 Probe Delay :3.:3
l‘g‘

LX)
It is evident that mean differences in confidence are very small and not in a consistent direction. 123:
'i \
a4,

Subject Difference in Confidence , »
MD(y MD(y»- MNy»- MN(y)+ w5
MD(n/i) MD(wo) MN(nf) MN(njo) o
jo 0005 -0005 00184  -0.0255 u
cc 0.0 0.0 -0.0031  -0.1163 W
ip 0.0 0.0 0.0441 0.0 L
b 00 0.0 00042 -0.0069 e

ht 0.0 0.0 -0.0050  -0.0050 N

mm -0.0111 0.0064 0.0529  -0.0157 N
.,
Table 14 Mean Confidence Differences for the -50 Probe Delay by Subject §\

o
It is also evident from the standard errors in Table 13 and the difference values for individuals in Table e
14 that the large values of p observed are not simply a consequence of excessive between-subject .::1
variability. .‘::f
To summarize, unless the (somewhat questionable) assertion is made that a second search process ::nf

was initiated only in the yes response condition at the -50 ms probe delay, the results of these tests do
not seem to be consistent with the strategy given in subjects’ introspective reports; the reason for the w3
large slopes observed in "yes” response condition remains unexplained. This suggests that a follow up "-
study designed to address the "yes" versus "no” response differences may be useful. In the present h
study, the strategy subjects reported relied on the fact that on "yes" trials only one element in the array "
was identical to the probe. One way to prevent subjects from using such a strategy, and at the same o

time assess other interesting issues (e.g.. the selectivity question), would be to inciude one or more out- "
of-location probes as well as an in-location probe in arrays on "yes" trials. 0
Beyond the -50 probe delay, the large and reliable slopes indicate that the direct access property is Ay
absent. This finding adds further credence to results from the Stemnberg et al. work with the LP ::\
paradigm, and provides further evidence against the assumption often made in studies of visual display |:||‘:
processing that the direct access property is present at all delays. 'y,
3.6.10 Selective Access =
As previously discussed, selective access describes situations in which direct access may or may not : )
be present, but the contents of display locations other than the one probed are not processed in any way. ot
Selective access is violated when, with non-zero probability, the contents of locations other than the one 'l':'.
probed influence the processing required to find and respond to the probed item. In the present context. )

if a representation is selectively accessed, then elements that have the same identity as the probe, but are ®
not in the probed location should neither facilitate or impede a "no" response. That is, selectivity is o
demonstrated if data from nofin and no/out trials are identical. Non-selectivity is demonstrated by any .0:’.
. O
differences between the two types of trials. '.::‘
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In the context of the present work, the parametric indicators of selectivity are the slope and intercept. '
Non-selectivity is revealed by reliable differences in one or both measures. In addition to providing an .'i
indicator of whether selectivity is present or absent, the pattems of change in these measures also reveal "
something about the kind of effect that non-selectivity has on processing. If differences appear in 5,
slopes, this suggests that non-selectivity causes changes in search speed. Differences in intercept (not :','
accompanied by concomitant changes in slope), imply the effect of non-selectivity is on something by
unrelated to the search process per se, such as response generatioa time. ::‘
U
The selectivity issue was addressed with two analyses. First, an analysis of variance with factors ':'\
subject (1-6), probe delay (-50, 350, 650. 950, 1650), paradigm (MD, MN), and response condition
(no/in, nojout) was performed on slopes. All interaction terms were reliable, p < .0S. Consequently, in ':5
the second analysis data were divided into smaller units to determine which conditions led to selectivity '.‘
and which did not. In the second analysis, the difference between slope values in the no/in and no/out ,:«_
respoase conditions was computed for each combination of subject, matching paradigm (MD, MN), and I;.;
probe delay. This operation was repeated for intercept values. To test for the presence of selectivity, - \
tests were performed on these differences. Table 15 summarizes the outcome of this analysis. Rows of 4
the table represent paradigms and, within each paradigm, the parameter that was tested. Columns of the 3
table cormrespond to probe delays. Entries in the table are mean differences (nofin — no/out) between o
parameter values averaged over subjects and the standard errors of these differences. To the right of the ‘:_"-
mean difference and enclosed in parenthesis is one of two letters, a "p" if the data in this cell suggested n
selectivity was present and an "a" if selectivity was absent. The presence/absence judgment was made '
by performing a 5 df t-test under the null hypothesis of population mean equal to zero, and the ]
altemnative hypothesis of mean greater than zero. A .05 level of significance was used as the criterion
for rejecting the null hypothesis. _ o
:::f
Probe delay (ms) 3
Paradigm _ Parameter _ -50 350 650 950 1650 -
Slope -04(p) -12.1(a) 7.6(p) 19.7(p) 15.0(p) 0:.
SE 41 34 6.7 9.2 6.1 .::;
‘ \]
Zerolnt  134(p) 732()  9.1(p)  56(p)  -8.0(p) 4
MD SE 13.1 17.9 225 16.5 18.9 )
One-Int 13.0(p) 61.Ka) 16.7(p) 5.6(p) 7.0(p) )
SE 9.5 15.2 16.6 16.5 13.7 W
0
Conclusion P a P P P v:‘;;
Slope 73(p) -58.6(p) -71.5(a) -51.0(p)  14.4(p) Y
SE 11.7 26.7 264 36.2 9.1 o
)
Zero-Int 11.3(p)  89.13(p) 144.6(a) 1409(p) -18.6(p) N
MN SE 385 595 46.1 859 228 'y
One-Int 18.6(p) 306(p)  73.1(a) 90.0(p) -4.2(p) i
SE 273 375 274 50.5 16.6 i"‘
!
Conclusion p P a P [
5
Table 15. Mean Differences Between No/in and No/out Response Conditions '.::
G
e
The analyses suggest that selective access is present in nearly all of the combinations of paradigm XN
and probe delay. The four exceptions are for the slope and intercept in the MD paradigm at the 350 ms ]
probe delay, and for the slope and intercept in the MN paradigm at the 650 ms probe delay. This o
suggests that there may be an intermediate state in which selectivity disappears, then reappears as the :t"
transformation is completed. The fact that this difference occurs later in the MN paradigm may also ]
indicate that the transformation for items with well-leamed names is delayed relative to the u::‘
transformation that occurs for the MD paradigm, or that the assimilation of the probe takes longer in the oy,
’\l
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MN condition so that the transformation is further advanced. However both of these conjectures are
highly speculative since, analogous to the previous section, accepting the null hypothesis is a necessary
but not sufficient condition for concluding the presence of selectivity. Examination of the standard error
values and the slope and intercept values for individual subjects reveals that many of the non-significant
t's may be a consequence of large between-subjects variability, rather than a consistently low difference.

I
a

W

To summarize, the representations in both MD and MN paradigms appear to dynamically change ;
with increasing probe delay in such a way that selectivity is present, then absent, then present again. c;
Clearly this conclusion needs to be confirmed with follow up research. If it is bome out by such -
research, it will demonstrate yet another dimension in which STVM is dynamic rather than simply -
fading, as many researchers have proposed. It will also suggest that selectivity is possible when items o
are less than one degree of visual angle apart, in contrast to several earlier findings. ';'
3.6.11 Effect of Response Ensemble 4

i

Another important issue addressed by this research is whether the effects observed by Stemberg et !

al. in the LP paradigm could be due to a confounding between array size and the number of possible h
responses. With short probe delays subjects may not have time to selectively prepare for the set of s
possible responses; with longer delays they may have time to prime some responses, since they know “,::
the probed item will have to be among those in the array, and discard others. Consequently, as probe N
delay increases, responses for arrays with fewer items could be facilitated relative to responses for larger :
arrays. If the effects observed in the LP studies of Sternberg et al. or the present experiment could be s

explained by this "response ensemble” interpretation, no slope changes should be manifested in either of ) :
the matching paradigms, since the number of response alternatives in these paradigms is always two, l:.
regardless of array size. The fact that slopes do increase and, in the case of the MD paradigm, are :c“
similar to those found in the LP paradigm indicates that the response ensemble interpretation is not e
tenable. !
1)
3.6.12 Analysis of Intercepts '
The question that relies primarily on the intercept as a dependent measure concerns Sternberg & |f-
Knoll’s (1985) conjectured association between changes in intercept and the availability of names. "
According to Sternberg & Knoll, as the transformation progresses, the internal representation of an item ¢
changes in such a way that once the representation is retrieved, its associated name can be derived from .:s
it more rapidly. By this hypothesis, the time to determine the name of an item depends on the state of !
the representation. If the item is only partially transformed, more processing is required to generate its ’
name. As the state of the representation becomes more transformed, the processing time required c::
decreases. ..:
Tests of this conjecture are possible with the data from the present experiment. For example, we can ::',
determine if the decrease in intercept with increasing probe delay observed in the Sternberg, et al. h
experiments is observed here. The matching paradigms also allow additional tests of the conjecture, ) ‘
since they do not require a naming response. If a reliable decrease in intercept failed to be observed in a
either matching paradigm, this would support the conjecture. If a reliable decrease was observed, it vl
would not falsify the comjecture however, since the MD and MN paradigms do not guarantee that .'
subjects do not generate names for items, or that there is no other process that brings the representation A
close to the response. o

To address these questions, it is desirable to compare intercepts at the shortest and longest delays.
However, values of intercepts at these delays may not be readily comparable. Consider the two possible

relations between the onset of the array and probe, and the beginning measurement of RT depicted in
Figure 15.
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Figure 15. Time Relations Between Probe and Array ‘.
s
In case one, the probe (represented by the arrow) comes on before the array, and ¢ ms before the RT :::%
clock starts. In case two, the probe appears some time after the array has disappeared.- Adjustments to ‘l.::
RT may be indicated, depending on whether the probe and array processing is serial, parallel, or ':’,f;
multiplexed. If the probe and amay processing is serial, then the probe processing time (up to ¢) is he
excluded from RT in case one. Consequently, to make the intercept at the -50 ms probe delay P
comparable to those obtained at later delays, S0 ms must be added to RT for the -50 delay trials.'® If the e
probe and array processing are fully parallel, then the probe processing time is never included in RT. :::I
Thus, no change is necessary. Finally, if the probe and array processing are multiplexed with some :.,:i
overbead incurred for switching between processing one and then the other, some quantity more than ¢ ',0.:
must be added to RT. 0

®
It is assumed that the time that would be added to RT is time that is not affected by processes P
dependent on the number of items in the array. Consequently, adding this time will result in an p :
increased intercept value, rather than one that decreases or stays constant. Since the data of the present : '
experiment do not provide a way to differentiate between the three models, a conservative approach is to A
begin by not adjusting the -50 ms probe delay intercept, and performing comparisons to determine if a "'

reliable drop in intercept occurs. If a significant drop is noted, then it is obvious that adding a constant ‘
(50 ms) to the intercept for the -50 ms probe delay will only increase the magnitude of the difference. oy
and hence the level of significance. If the change is determined not to be significant, then the next ".::
course of action becomes problematic. . h:
N
0

@
W
18. This assumes, of course, that ¢ is less than the probe processing time. '\‘
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To quantitatively address the intercept question, /-tests were performed with the null hypothesis that
the value of the appropriate intercept at the longest delay subtracted from the value of the analogous
intercept at the -50 delay was equal to zero. Thus, for the LP paradigm, the -50 and 950 delays we.c
compared: for the matching par»digms th. -50 ana 1650 delays were used. In all cases except MD(n/o)
and MN(n/0), the one-intercept was the dependent vanable. For these two conditions, both zero- and
one-intercepts were compared. Table 16 summarizes the results of the tests.

Condition  Intercept Mean SD SE t P df
Difference
LP One 76.50 3003 1226 624 0.0 5
MD(y) Zero 13.32 37.69 15.39 087 043 5§
MD(y) One 0.28 2887 11.78 002 098 5
MD(n/1) Zero 81.99 17.47 7.13 11S0 00 5
MD(n/i) One 48.74 14.11 5.76 846 00 5
MD(n/o) Zero 60.64 5382 2197 276 004 5
MD(n/o) One 42.77 40.77 16.65 257 005 s
MN(y) Zero 175.94 13385 54.65 322 002 s
MN(y) One 104.32 8226 33.58 3.1 003 s
MN(n/1) Zero 205.94 9293 3794 543 0.0 b
MN(n/i) One 127.97 6598 26.94 475 001 S
MN(n/o) Zero 176.03 7262 29.65 594 00 5
MN(n/o) One 105.12 51.12 20.87 504 0.0 5

Table 16. Results of r-tests on Intercept Differences

These tests reveal a reliable drop in intercept for all conditions. except MD(y). Examination of the
individual differences in intercepts for this condition suggests an explanation for why this value of ¢ is
small: differences for the six subjects in this condition are -17.5, 15.8, 68.3, 6.5, 41.4, and -34.5 for the
zero-intercept: -12.1, -14.0, 454, -4.1, 21.9, and -35.5 for the one-intercept, respectively.

The results of this analysis do not provide evidence in favor of the conjectured association between
intercepts and availability of names. Instead these results suggest that either items were covertly named
in all conditions or that the conjectured association between decline in intercept and naming is incorrect.
Unfortunately, the conditions and data of the present experiment do not provide a test to discriminate
among these alternatives.

3.6.13 Feature vs Name Matching Hypothesis

The inclusion of trials with array size equal to one (“s=l trials") in the design of the presem
experiment allows a test of the Posner et al. (1967) hypothesis that when stimuli are physically identical,
short intervals between stimulus onsets allow rapid comparison between visual representations, but after
some delay this visual representation is transformed into one based on a name code, and these codes are
compared. If the Posner et al. interpretation is correct, RT for stimuli with well-leared names should
increase with increases in probe delay, while RT for simuli without well-leamed names should remain
the same.

To express regression coefficients for s=1 trials as fitted reaction time measures, the value of the
mean term () from the robust regression was added to each estimated value of o, Table |7 presents
the mean values of these fitted times averaged over subjects along with their associated standard errors.
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Paradigm/ Probe Delay (ms)
Condition -50 350 650 950 1650
LP Mean 456.1 415
SE 17.0 19.1
MIXy) Mean 5427 584.1 5590 5511 5699
SE 20.3 29.9 19.6 25.2 235
MD(n/o) Mean 5709 578.2 5716 5434 5654
SE 19.9 23.0 20.8 20.2 246
MN(y) Mean 621.8 677.0 6506 6643 6453
SE 322 43.7 454 44.6 347
MN(n/0) Mean 6395 7266 7080 6798 6526
SE 27.8 478 56.0 40.0 339

Table 17. Mean Fitted RT and Standard Error of RT for s=1 Trials by Probe Delay and Condition

To assess the validity of the name vs feature matching hypothesis, an ANOVA with factors subject
(1-6), probe delay (-50, 350, 650, 950, 1650), matching paradigm (MD, MN), and response condition
(yes, nofout), was performed. If the feature vs name match hypothesis is cormrect, a reliable interaction
of paradigm and delay would be expected. The ANOVA confirmed this expectation, F(4,20) = 3.4, p <
.028. Significant effects of response F(1,5) = 24.1, p < .004, and probe delay F(4.20) = 7.6, p < .001,
were also present. However, the pattern of the effects are not as expected. To allow the reader to study
these effects in detail, Figure L7 shows mean values of fitted RT for s=1 trials by paradigm, response
condition, and probe delay. Curves in the figure correspond to the four conditions 1 = MD(y),

2 = MD(n/o), 3 = MN(y), 4 = MN(1/o).
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4. Summary and Conclusions

A review of the literature on short-term visual memory (STVM) revealed a great deal of uncertainty
and controversy about the mechanisms of processing that underly performance when a row of letters or
digits is preseated and a person attempts to identify and remember the characters it contains. It was
evident that in much of the research on STVM two assumptions are made: (1) for all probe delays a
spatially contiguous subset of one or more of the items in memory can be accessed without search
through other items, and (2) the memory representation that is accessed is analogous to a “fading
photograph” and is not actively changed by cognitive processing. Results from recent experiments by
Sternberg et al. and others suggested that these assumptions were incomrect by demonstrating that (1)
under certain circumstances STVM must be actively searched, and (2) STVM undergoes an active
transformation, rather than passively decaying.

In the latter experiments displayed material was restricted to alphanumeric items vith well-leamed
names, and a naming response was required. The primary focus of the present research was to
determine to what extent the processing underlying performance in STVM tasks depends on displayed
material having well-learned associations with names. A new experimental paradigm was developed that
did not require items in memory to have names or be named. Because naming is not required, the new
paradigm allowed several important quesiicns about the mechanisms of visual information processing to
be investigated, as well as providing a test of the generality of some of the results of Stemberg et al.

Data were collected in a large (75,000 trial) experiment to address these questions. A multiple
regression model was created and applied to the data to compensate for nou-orthogonality in
experimental factors that could not be avoided. Several models of the processing mechanisms
underlying performance were proposed. While some of the models did better than others, none were
able to completely account for the patterns observed in the data. These results of the model building
efforts did provide guidance in choosing a measure of the components of RT that did not depend on
array-size, however.

The results of the multiple regression were then considered to answer several research questions. A

‘,:: summary of these questions, and the conclusions drawn, comprises the remainder of this section.

‘.;:: 4.1 Linearity of Latency Functions

It

.":: What is the relationship between the number of items presented and the time to either name a
Al marked item, or determine whether an item matched the item immediately below it? In the earlier work

. of Stemberg, et al., the relationship between reaction time and array size was found to be approximately
; linear for all probe delays. This finding was replicated in the present research. Tests of the presence of

gy non-linear terms indicated the presence of small quadratic and (where a test was possible) cubic
.::: components neither of which interacted with any of the experimental conditions of interest.

n 4.2 Evidence for a Transformation

-~ Is the underlying memory representation actively processed and dynamically changing as Stemnberg
l..v: et al. hypothesize, or does it simply "fade” as many researchers have assumed? In all paradigms,
e,::o changes in the slopes of latency functions with increases in probe delay indicated that the memory
iib, representation is actively processed and undergoes a rapid transformation from a state in which items
',:: stored in it are accessible by spatial location to a second state that requires serial search.

4.3 Detailed Analysis of the Transformation

“n Given the presence of a transformation, how are the transformations that occur in each paradigm
f’:: similar and how they are different? To study this issue, detailed analyses of the slopes of the latency
;::l functions in each paradigm were performed. The pattern of the transformation evidenced in the naming
W% paradigm both here and in the earlier work of Stemmberg et al. was determined to be similar to that

observed in the matching paradigms of the present experiment. Slopes from the naming paradigm were
approximately zero for negative and small positive probe delays, and rose as delay was increased,
) reaching asymptote by approximately 3/4 second. Three patterns emerged in the matching data from
this experiment: (1) Some slopes were initially near zero, and reached asymptote earlier than in previous
) work with the naming paradigm — by the 350 ms delay: (2) Some slopes were initially zero, rose to a
':‘ peak at the 350 ms delay, then declined for longer delays: (3) Some slopes were reliably greater than
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zero even at the -50 delay, and rose to asymptote by the 350 ms delay. Since asymptote appears to be
reached by the 350 ms probe delay, analysis of the time course of the transformation for matching
paradigms (paralleling the time ~ourse analyses of Sternberg et al.) was inconclusive. This suggests that
another study needs to be performed in which probe delays between -50 and 350 ms are studied for the
matching paradigms.

4.4 Comparison of MD and MN Response Conditions

How does the processing of forms with well-leamed names differ from that of forms without well-
learned names? Differences between slopes indicated that search rates are significantly slower for
nameless items and that the size of this slope difference varies with delay. Differences between
intercepts indicated that the time for processes independent of array size (such as the time to encode the
probe and generate the response) are also reliably longer when materials consist of items without well-
learned names.

4.5 Direct Access

Direct access refers to a situation where no search or other time consuming process involving display
locations is needed to gain access to a specified display location. Is direct access present in the
matching paradigms? The indicator of direct access is the slope of the latency function. Flat functions
indicate direct access; functions with slope greater than zero indicate its absence. The flatness of latency
functions for the -50 ms probe delay in the naming paradigm and in the "no" response trials of the
matching paradigms suggested the presence of direct access, however, large between-subject differences
prevent making this assertion with certainty. The large slopes for the -50 ms probe delay for the “yes"
response trials of the matching paradigms suggests the absence of direct access. It was hypothesized
that this finding might be due to subjects use of a rechecking strategy, but no quantitative evidence in
support of this hypothesis was found. The rapid increase of slopes with probe delay indicates that direct
access is not present for probe delays longer than -50 ms in any of the three paradigms.

4.6 Selective Access

Selective access describes a situation in which direct access may or may not be present, but the
content of display locations other than the one probed is not processed. Is selectivity achieved in any of
the experimental conditions? Slope and intercept patterns suggested that selectivity was present for short
probe delays, absent for an intermediate delay, and then present for very long delays.

4.7 Response Ensemble Interpretation

Could the effects observed by Stemberg et al. in the naming paradigm be due to a confounding
between amay size and the number of possible responses? If the effects observed in the naming
conditions of Stemberg et al. or the present experiment were due to this response ensemble effect, no
slope changes should have been manifested in either of the matching paradigms, since the number of
response alternatives in these paradigms is always two, regardless of array size. The fact that slopes do
change with increases in probe delay indicates that an explanation of the search phenomena based on
increasing adaptation to the number of possible responses is not tenable.

4.8 Association between Intercept Changes and Naming of Items

Is Stemberg & Kuooll's (1975) conjectured association between changes in intercept and the
availability of names comrect? According to Stemberg & Knoll, as the transformation progresses the
internal representation of an item changes in such a way that once it is retrieved, the item’s name can be
derived from the representation more rapidly. Since items in the matching paradigms need not
necessarily be named, it was hypothesized that failure to observe significant decreases in intercept would
provide evidence supporting the Stemnberg et al. conjecture. Reliable decreases in intercept were found
in all conditions. Consequently, it was concluded that either items were covertly named in all conditions
of the present experiment, or that the conjectured association between decline in intercept and the
availability of names is incorrect.

4.9 Feature vs Name Matching Hypothesis

Are the conclusions from the Posner. Boies. Eichelman, & Taylor (1967) name vs feature matching
study supported by data from the Location-Specific Matching Paradigm? The inclusion of trials with
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array size equal to one allowed a test of a property suggested by the Posner et al. (1967) work in which ()
short probe delays lead to comparison between visual representations while long delays lead to !
comparisons between name-based codes. It was hypothesized that if the Posner et al. interpretation was )

correct, RT in the matching paradigm for stimuli with well-leammed names should increase with increases 8
in probe delay, while RT for stimuli without well-leamed names should remain the same. Pattems in W
the data of the present experiment were inconsistent with the expectations based on the Posner model: M
RT for stimuli with well-learned names changed only slightly compared to the large change evidenced W,
for stimuli without well-leamed names.
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5. Future Research

Most of the questions addressed by the present study had clear answers. The results also led to
many new questions for future research. Some interesting questions for investigation in future
experiments are now briefly discussed.

In the present experiment slopes were near zero in most conditions at the -50 probe delay, increased
to much larger values at the 350 probe delay, and did not reliably increase after that. A follow up
experiment in which data are collected at probe delays between -50 and 350 ms is thus desirable.

The data showed considerable between subjects variability. One of the reasons for this vanability
may have been that subjects leamed cemain contingencies in the experimental design, and adopted
response strategies such as rechecking responses, or using the knowledge that when an element with the
same identity as the probe was found in a non-probed location they could immediately respond "no"
without checking the probed location. One solution, which eliminates the use of this strategy, is to
include out-of-location probe items on yes as well as nofin trials, and to include more than one out-of-
location target on some proportion of the trials.

Another potential source of the variability observed is that subjects ignored instructions to maintain
eye fixation throughout each trial. However, a follow-up experiment in which conditions where eye
fixation was measured and coatrolled were compared with conditions where it was not, suggested that
eye movements were not a significant contributor to variability. This finding needs to be confimmed in a
larger and more carefully controlled study.

Finally, in the present experiment selectivity was determined to vary with delay. In the experiment,
out-of-location targets were always adjacent to the probed location. An experiment in which the
position of out-of-location targets relative to the probed location is systematically manipulated and
studied might provide further insight into the effects of selectivity. For example, one interesting
question is whether selectivity is affected by the distance between probed location and the location
containing a matching item, or whether the mere presence of an out-of-location target influences the
search process.
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Regression Design Matrix for LP and MD Paradigms
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Regression Design Matrix for MN Task
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